The "initial-dip" is a transient decrease frequently observed in functional neuroimaging signals, immediately after 12 stimulus onset, and is believed to originate from a rise in deoxy-hemoglobin (HbR) caused by local neural activity. It has been 13 shown to be more spatially specific than the hemodynamic response, and is believed to represent focal neuronal activity. 14 However, despite being observed in various neuroimaging modalities (such as fMRI, fNIRS, etc), its origins are disputed and 15
Introduction 21
Functional neuroimaging is a powerful non-invasive tool for studying brain function in health and disease, that uses changes 22 in blood oxygenation as a proxy for estimating local neuronal activity [1] . However, which feature of the hemodynamic signal best 23 reflects local neuronal activity remains an open question. The most commonly used feature is the hemodynamic response 24 amplitude, which is slow and unspecific [1] . Since neuronal processes such as multi-unit spiking are fast, dynamic and spatially 25 localized, a feature in the BOLD signal with similar properties, which also correlates strongly with local neuronal activity, would be 26 an ideal candidate. Early fMRI studies reported such a quick and localized dip in the initial BOLD signal immediately following 27 stimulus onset in various brain areas [2] , [3] . This early decrease was termed the 'initial-dip', and was believed to originate from a 28 rise in deoxy-hemoglobin (HbR) caused by stimulus-induced changes in localized neuronal activity [2] . Supporting evidence comes 29 from studies reporting spatially localized dips in tissue partial oxygen pressure [4] , [5] , and increases in the concentration of HbR 30
[6], observed at the time of the dip. The initial-dip is also more spatially localized than the positive BOLD response [7] , and has 31 been used to accurately map orientation columns in the visual cortex (better than the positive-response) [8] . Based on these 32 observations, the initial-dip is believed to represent focal neuronal activity [8] . Although the initial-dip has been observed in various [4] ), its origins are disputed [11] and its precise neuronal correlates are all but entirely unknown. 35 We recently documented a method for the simultaneous acquisition of epidural fNIRS and intra-cortical electrophysiology in 36 primates ( Fig. 1A-B) , demonstrating that fNIRS has high SNR when acquired epidurally [12] , making it ideal for studying local 37 neuro-vascular interactions. FNIRS uses a light-emitter and detector pair (optode pair) to measure changes in concentrations of 38 oxygenated (HbO), deoxygenated (HbR) and total (HbT) hemoglobin, within the vascular compartments in a small volume of 39 tissue [13] , [14] . We recorded runs of both spontaneous and stimulus-induced activity in the primary visual cortex of two 40 anesthetized monkeys. of 20 trials. The grey bars mark the 5s of visual stimulation (whole-field rotating chequerboard with high contrast), which were 44 followed by 15 seconds of rest (white spaces). Obvious dips in the HbO signals can be observed on some trials (black arrows). The 45 average traces of these 20 trials elicited observable dips in both HbO and HbT (Fig. 1D) . We used the mean signal slope between 0 46 and 1s as a metric of the 'strength' of the initial-dip for each hemodynamic signal, and found that both the HbO and HbT traces 47 had significant dips (Fig. 1E) . Similarly, in the mean traces of all 260 trials from our dataset, a clear dip in the HbO and HbT signals 48 can be observed, without any changes in HbR (Fig. 1F-G , Table 1) . 49 To understand the relationship between neuronal activity and the initial-dip, we divided the 260 trials in our dataset into two 50 groups based on the peak spike-rate during stimulus onset, namely, high-spiking trials (899.96 ± 12.89 spk/s; n=122) and low-51 spiking trials (497.28 ± 8.35 spk/s; n=125) ( Fig. 2A) . For high-spiking trials we observed strong dips in HbO, HbR and HbT traces. 52
Although the overall distribution of dips in HbO and HbT were not significantly different (p>0.32; Wilcoxon's rank-sum test), a 53 trial-by-trial comparison revealed that HbT dips were in fact larger (p<10 -5 , Wilcoxon's signed-rank test; Fig. 2B-C) . Although low-54 spiking trials seem to elicit faint modulations in the HbO and HbT signals, we did not observe significant changes in their 55 corresponding slopes (p<0.1; Fig. 2C ). The low-spiking trials themselves, however, had both significantly high peak spike-rates, 56
and strong stimulus-induced spike-rate modulations (Fig. 2D) . Furthermore, in high-spiking trials, we observed a biphasic 57 response in the slope of HbR traces, which was absent in the low-spiking trials (Fig. 2E) . The HbR elicited a small but significant 58 dip (between 0-0.75s, epoch I) and a later rebound in the high spiking trials (defined as mean HbR slope between 0.75-1.75s, epoch 59 II, Fig. 2F ). This illustrates that there is indeed an increase in HbR signal with higher spiking activity. 60
We next assessed the relationship of the initial-dip with various bands of the local field potential (LFP). We filtered the extra-61 cellular field potential into eight frequency bands, namely the DeltaTheta (1-8 Hz), Alpha (9-15 Hz), Spindle (15-20 Hz), low-62 Gamma (lGam, 20-40 Hz), Gamma (Gam, 40-60 Hz), high-Gamma (hGam, 60-100 Hz), very high-Gamma (vGam, 125-300 Hz) 63 and multi-unit activity (MUA, 1-3 kHz) bands, and obtained their respective band envelopes (see Methods for details). From the 64 various LFP bands we analyzed, only peaks in high-frequency bands had a significant correlation with the HbO and HbT dips (Fig. higher correlations observed with HbT than HbO (Fig. 2G, Fig. S1 ). We next determined how this relationship with spiking variedfailed to correlate with the mean slope of the hemodynamic signal 0-2s prior to stimulus onset (r=-0.002, p>0.9, Pearson'scorrelation coefficient of correlation), suggesting that the trend of the hemodynamic signal before the dip fails to affect the initial-102 dip. We also used various combinations of physiologically relevant DPFs, as reported earlier [6] , in the estimation of concentration 103 changes in HbO, HbR and HbT, and obtained identical results (see Fig. S3 ). To be sure, we also analyzed the raw optical density 104 changes for both wavelengths (760nm and 850nm). We found a significant decrease in the optical densities for both chromophores, 105 which was enhanced in high-spiking trials (see Fig. S4 ). The decrease in chromophore concentration at both wavelengths can only 106 be attributed to decreases in total hemoglobin concentration (HbT). Furthermore, within trials with low spiking activity, even 107 though we do not see significant changes in the slope of the HbO and HbR signals, we do find small but significant changes in their 108 concentration (see Fig. S5 ). We detected significant increases in the HbR concentration (mean HbR concentration change between 109 0 to 0.8s, p<0.05, Wilcoxon's signed-rank test) as well as significant decreases in the HbO concentration (see Fig. S5C , p < 0.05; 110 n=125; Wilcoxon's sign-rank test) but failed to detect significant changes in HbT (p>0.1, n=125; Wilcoxon's signed rank test), an 111 observation that is in agreement with previous reports on the initial-dip [6], [17] . Finally, the trials within the lowest quartile of 112 spike-rates elicited neither initial-dips (in HbO, HbR or HbT traces, mean slope between 0-1s), nor changes in concentration (mean 113 concentration change between 0-1s), even though these trials still had significantly high bursts in spike rates (peak rate 300±40 114 spk/s; p<10 -11 ; n=59, Wilcoxon's signed-rank test). These observations demonstrate two different manifestations of the initial-dip. 115
During low-spiking, there is an oxymetric change consisting of an increase in HbR and decrease in HbO concentration. During 116 very high spiking, there is a volumetric change, consisting of a decrease in HbT (and consequently HbO and HbR). 117
Interestingly, all significant dips detected in optical density traces also translated to changes in hemoglobin concentration, 118 irrespective of the choice of parameters used for converting optical density to concentration change (see and hence where the largest changes in blood oxygenation occur. This is exemplified by the increase in HbO and decrease in HbR 126 observed during influx of oxy-saturated blood into CPVs during the positive hemodynamic response (Fig. 1F) . Thus, even though 127 neuronal activity leads to an increase in HbR concentration, the HbR signal during the positive response decreases, once oxy-128 saturated blood passes through the CPVs post arteriole dilation. Even the transient increases observed in the HbR signal during the 129 dip only last until the HbT response commences. Hence, a decrease in both HbO and HbR during the initial-dip most likely 130 represents decreases in the blood-volume within CPVs. In our data, the HbO/HbT dip ratio (the ratio of HbO to HbT decrease at 131 maximal dip) is 50.4±17% (mean±sem) for stimulus-induced, and 58.9%±32% for spontaneous activity, which is within the range 132 of oxygen saturation reported within CPVs [18] . A possible means to attain a decrease in CPV blood volume would be through theincrease their diameter simultaneously with strong arteriolar dilations in recordings of spontaneous activity [20] . However, since 136 the primary arterioles that are dilated are further away from the capillaries, the influx of blood takes longer to reach the capillaries. 137
Therefore, upon post-capillary venule dilation, the decrease in capillary blood pressure would briefly compress the capillary, 138 flushing the blood out, before the influx of oxygenated blood caused by arteriole dilation. Recently, erythrocytes have been reported 139 to deform with reduced oxygen tension, facilitating an increase in their flow-rate through the capillary lumen [21] , aiding this 140 process. Indeed, a transient increase in capillary RBC velocity can be observed immediately after stimulus onset, which briefly 141 subsides, before finally increasing again (see figures 4B and 4D in 20) . 142 Such a flushing of CPV blood could serve to prevent HbR accumulation in the capillaries, enforcing a virtual "upper-limit" of 143
HbR concentration in the vascular tissue, as well as facilitating the influx of oxygen saturated blood from the arterioles. Indeed, in 144 our data, we found that spiking correlated strongly with the HbR-rebound (Fig. 4A) . However, the HbT dips were consistently 145 larger than the HbR-rebounds, maintaining an upper-limit of HbR concentration, and hence no relationship was observed between 146 spiking and HbR concentration change between 0.75-1.75s (Fig. 4B) . Moreover, when corrected for the HbT dip (by subtracting 147
HbT traces from HbR traces), the "dip-corrected" HbR traces reveal increases in concentration that are correlated to spiking activity 148 (Fig. 4C) . In contrast, no such relationship is observed with "dip-corrected" HbO traces (Fig. 4D) shed further light on the exact vascular mechanisms of the initial-dip. Nevertheless, our results conclusively demonstrate that the 154 initial-dips in both HbO and HbT traces are strongly correlated with highly localized spiking activity. Furthermore, since we find 155 no relationships between the initial-dip and low-frequency LFP activity, it establishes that the initial-dip is a highly specific marker 156 of localized bursts in spiking activity. 157
Although we recorded signals from anesthetized monkeys, it has been shown that this anesthesia regime does not significantly 158 alter local neuro-vascular coupling [23] . We also find that fNIRS represents focal neuro-vascular changes close to the emitter, 159 challenging the generally accepted "banana" model that assumes the cortical volume sampled by fNIRS to be uniformly distributed 160 between the emitter and detector [14] . Concurrently, a study comparing simultaneously recorded fNIRS and fMRI signals in 161 humans finds that the voxels correlating best with HbO/HbR changes are consistently closer to the emitter (see Fig. 2 and Table 2  162 in [24]), though this is not explicitly stated in their results. Overall these results shed further light on the neuro-vascular changes 163 underlying the initial-dip, and enable a better interpretation of functional neuroimaging signals. 164
In conclusion, we show that the initial dip, though present in both HbO and HbT signals, is dominated by HbT changes that 165 are correlated to highly-localized spiking, demonstrating that these changes are specific to excitatory neuronal activity. This study 166 is, to the best of our knowledge, the first report of an exclusive marker of spiking activity in hemodynamic signals. 
244
We used a NIRScout machine purchased from NIRx Medizintechnik GmbH, Berlin. The system performs dual wavelength LED light-based 245 spectroscopic measurements. The wavelengths used were 760nm and 850nm, with a maximum of 5µW effective power at the emitter end. Sampling 246 was performed at 20Hz. We used modified emitters and detectors, and optical fiber bundles for sending the light from the LED source into the 247 tissue, and also for detecting refracted light from the tissue. The fiber bundles were ordered from NIRx Medizintechnik GmbH, Berlin, Germany.
248
Both the emitter and detector fiber bundles had iron ferrule tips with an aperture of 2.5mm on the ends that touched the dura. We used three 249 optodes in a linear arrangement separated by 6mm each. Three tetrodes and single-wire electrodes each were added between each pair of adjacent 250 optodes. We used the central optode as a constant detector, and alternated the peripheral optodes during sessions, such that on a given experimental 251 day, 50% of data came from one emitter-detector pair and 50% from the other. The recording instrument was connected via USB to a laptop 252 computer running an interactive software called NIRStar provided along with the instrument. The software was used for starting and stopping 253 recordings, and also for setting up the various parameters, such as, the number of sources and detectors, and the sampling rate. The instrument received TTL pulses from the stimulus system and the electrophysiological recording system, for synchronization purposes. The system sent 1ms 255 TTL pulses every 50ms to the recording system that corresponded to light pulses.
256
Electrophysiology 257
Custom built tetrodes and electrodes were used. All tetrodes and single electrodes had impedance values less than 1 MΩ. The impedance of each 258 channel was noted before loading the tetrodes on to the drive, and once again while unloading the tetrode after the experiment, to ensure that the 259 contacts were intact throughout the duration of the experiment. To drive the electrodes into the brain a 64-channel Eckhorn matrix was used
260
(Thomas Recording GmbH, Giessen, Germany). The electrodes were loaded in guide tubes a day before the experiment. On the day of the 261 experiment, the tetrodes were driven using a software interface provided by Thomas Recording GmbH, Giessen, Germany. The output was 262 connected to a speaker and an oscilloscope, with a switch to help cycle between different channels. We advanced electrodes into the cortex one by 263 one until we heard a reliable population response to a rotating checkerboard flickering at 0.5Hz.
264
Spontaneous activity
265
For each run, spontaneous activity was recorded for 15 minutes, in the absence of visual stimulation. The eyes of the monkey were closed and thick 266 cotton gauze was used to cover the eyelids.
267
Visual stimulation
268
A fundus camera was used to locate the fovea for each eye. For presenting visual stimulation, a fiber optic system (Avotec, Silent Vision, USA) was 269 positioned in front of each eye, so as to be centered on the fovea. To adjust the plane of focus, contact lenses (hard PMMA lenses, Wöhlk, Kiel,
270
Germany) were inserted to the monkey's eyes. We used whole-field, rotating chequerboard to drive the neural activity. The direction of rotation 
273
Signal processing and data analysis 274
All analyses were performed in MATLAB using custom written code. Only runs that cleared visual screening for artifacts were used. Data points 275 that were larger than 5 SDU were excluded from the analysis, so as to avoid tail-effects for correlation analysis. Normality for each distribution was 276 confirmed before analysis was performed. 
291
System identification based impulse response estimation in spontaneous activity
292
Impulse response functions from spiking to HbO, HbR and HbT were obtained using the system identification toolbox in Matlab. ; n=128; Š), with larger dips in HbT than HbO (p<0.005; n=125; pairwise Ś). Interestingly, trials with low spiking trials do not elicit signi cant dips in either HbO, HbR or HbT (p<0.1; n=122; Š). D) Distribution of peak spike-rates and visual modulation of spike-rates for trials with high (thick) and low (thin) peak spike-rates. This illustrates that even though the peak rates were lower in the low-spiking trials, the overall spiking activity was signi cantly high, as was the visual stimulus induced modulation of spike rates (see Methods for calculation of modulation index). E) Analysis of the slope of HbR traces in high spiking trials reveals a biphasic response, which is almost all but absent in low spiking trials. In high spiking trials (thick trace), an initial negative slope is observed roughly between 0-0.75s (epoch I, shaded green), for HbO, HbR and HbT at t=1s. Only HbO and HbT have significant dips, but not HbR (Š; n=48). E) The runs were divided based on the total sum of spikes in each run, and seperated into low spiking and high spiking runs. High spiking runs had signficanlty higher spike sums (Ś; n=8). F) The mean impulse responses for high and low spiking runs reveal stronger modulation of hemodynamic signals on high spiking trials. Color-code same in following figures G) Mean traces of slopes of impulse responses shown in F. High spiking trials elicit an obvious dip at t=1s. Inset) Same traces but from 0 to 3s. H) Distribution of dips for low and hihg spiking trials (legend same as F). Only high spiking trials have significant dips in all three signlas. Also, HbT dips were larger than HbO dips (Ś; n=80). I) When comparing the HbR dip and rebound at t=1s and t=2s resp., only high spiking trials reveal a strong dip and rebound in the HbR signal. HbT and HbO dips showed strong correlations with peaks in spike-rates, the correlations with HbT were stronger than HbO. Although the strength of the correlations got weaker with increasing the number of bins, the signi cance was not very di erent. No correlations were observed with the dip strength in HbR. These correlations were independent of the number of groups the data were divided into. Correlations between peak amplitude of inital dip and peak spike-rates across tetrodes. Instead of using the mean slope between 0-1s, we used the peak dip amplitude (minimum signal value between 0 and 3s) for HbT and HbO and correlated it with the peak spike-rate. We found that the correlations of peak dip amplitude with peak spike-rates were strongest on the tetrode closest to the emitter, and decreased with increasing distance of tetrode from emitter (see figure 2H for comparison) . These results were independent of the number of bins the trials were divided into. These results demonstrate that both HbO and HbT dip amplitudes can be used a proxy for underlying spiking activity. To ensure that our results did not depend on the DPF, we used multiple combinations of physiologically relevant DPF as reported earlier 1 (the pair of values represent the DPFs at 760 and 850nm resp.) and found that although different DPFs lead to a change in the amplitude of the signals, the overall results were not affected. For each combination of DPFs, we observed strong dips in the HbO and HbT signals. We also observed an increase in the dip strength for HbT during high spiking trials. Low spiking trials failed to elicit a significant dip. The HbR signal also elicited a strong dip and rebound modulation in each case. For each combination of DPFs, the results were nearly identical and individually significant. Interestingly, the DFP combination 12,6 revealed increases in HbR within the 0-2s of trial onset. However, there was no di erence in HbR concentration in high-spiking vs low-spiking trials (p>0.4; n=130/group, Wilcoxon rank-sum test). Furthermore, the strongest di erence between high and low-spiking was still oberved in the HbT-dip (p<10 ). This rea rms previous results 1 that, at least in the primary visual cortex, although the choice of DPF might alter the amplitude of the calculated change in concentrations of HbO, HbR and HbT, it does not alter their relationship to underlying spiking activity. Notches represent 95% con dence intervals. . Further analysis of low-spiking trials reveals a significant increase in HbR and decrease in HbO concentrations within the first 750ms. We further analyzed trials where the peak spike-rate was less than the median value of all trials (A, see also Figure 2A ). Although these trials belonged to the lower half of the distribution, they still had significantly high peak spike-rates and stimulus induced spike-rate moduations (see Fig. 2D ). We obtained the mean HbO, HbR and HbT traces from these trials (B). Increases in HbR traces and decreases in the HbO traces are clearly observable within these trials. We determined the temporal window within which these changes were significant, by incrementing the width of the window from 0 to 2s (C, p<0.05 based on the Wilcoxon signed-rank test). We found the changes to be significant for HbO and HbR within 0-0.7s of stimulus onset (arrow). We failed to find significant changes for HbT for the same period (C, green trace). These findings demonstrate that during conditions of low spiking, the initial-dip consists of increases in HbR and decreases in HbO, and the HbT dip is absent. This suggets that the HbT dip is only induced during conditions of strong bursts in spiking activity. 
